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transfer  free  energy  oi  each  redox  couple  from  water  to  the  nonaqueous 

solvents  A(AG  ’  )S  U  ..’ere  made  from  the  solvent  dependence  of  E_  at  25°C, 
rc  i 

and  values  of  the  reaction  entropy  AS°  of  the  redox  couples  in  each  solvent 

rc 

were  obtained  • rom  the  temperature  dependence  of* E^.  using  a  nonisothermal 

s  — w 

cell  arrangement:.  The  values  oi  )  vary  over  a  wide  range,  from 

-i  rc 

about  -4  to  b  kcal  mol  .  These  variations  arise  predominantly  from  tin. 
enthalpic  component  A ( AH°  )S  W  and  correlate  broadly  with  the  electron- 
donating  ability  of  the  solvent  as  given  by  the  Donor  Number,  suggesting 
that  solvent-solute  donor-acceptor  interactions  involving  amine  hydrogens 
in  the  oxidized  form  of  the  couple  provide  a  major  influence  upon  the  redox 

S“*W 

thermodynamics.  However,  substantial  positive  values  of  A(AS  )  were  also 

-1  -1  TC. 

observed  (ca.  S  o  cal  deg  mol  )  which  failed  to  correlate  with  the  solvent 
Donor  Number,  in  .id  increasing  as  the  "internal  order"  of  the  bulk 
solvent  decreases.  These  behavioral  differences  between  the  enthalpic  and 
entropic  contributions  to  A(AG°  )  appear  to  result  from  the  tendency  * 
the  entropic  term  m  reflect  the  extent  of  additional  solvent  orientation 


induced  bv  the  oxidized  form  of  the  redox  couple,  rather  than  the  strength 
of  the  sol vent-solut <  interactions  involved. 


Introduction 


We  have  been  examining  the  solvent  dependence  of  the  thermodynamics  of 
simple  transition-metal  redox  couples  as  part  of  an  experimental  program 
exploring  the  role  of  the  solvent  in  the  kinetics  and  thermodynamics  of 
outer-sphere  electron  transfer  reactions.  One-electron  redox  couples  con¬ 
taining  substitutionally  inert  complexes  form  especially  tractable  systems 
for  this  purpose  since  the  influence  of  variations  in  the  Couter-shell^ 


solvent  contributions  can  be  assessed  separately  from  the  pinner-shell^ 


(metal-ligand  coordination  shell)  effects.  Our  general  approach  is  to 
determine  the  formal  potential  E^  of  each  redox  couple  in  a  range  of  solvents 
having  suitably  varied  chemical  and  physical  properties.  In  addition,  the 

r~] 

temperature  dependence  of  E^  is  monitored  in  each  solvent  using  a  noniso- 

thermal  cell  arrangement,  yielding  values  of  the  ^reaction  entropy^of  the 

redox  couple  e<)ua^s  difference  -_S^)  between  the 

^S&bsolute^ ionic  entropies  of  the  reduced  and  oxidized  forms'^.  These 

measurements  yield  estimates  of  the  free  energy,  entropy,  and  enthalpy  of 

transferring  the  redox  couple  from  water  to  other  solvents* labeled 

A(AG°c)S  W,  A(AS°c)S  W,  and  A(AH°c)S  W,  respectively.'*’  ' 

In  the  preceeding  article,  estimates  of  A(AG°c)S  W,  A(AS°c)S  w,  and 
s— w 

A(AH°c)  were  reported  for  various  M(III)/(II)  couples  containing  only 


o  \  S— W 


polypyridine  ligands.  Although  the  free  energies  of  transfer  aCAG^)" 
were  generally  close  to  zero,  large  positive  values  of  A(AS°c)S  W  were 


obtained  that  reflect  the  extensive  changes  in  solvent  structure  that  are 
brought  about  by  electron  transfer,  even  though  the  large  aromatic  ligands 
might  be  expected  to  shield  the  solvent  from  the  metal  redox  center. 


r 
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It  is  of  interest  to  extend  these  measurements  to  structurally  similar  redox 

couples  containing  other  types  of  uncharged  ligands  in  order  to  explore  the 

possibility  that  specific  ligand-solvent  interactions  could  play  an  important 

role  in  determining  the  redox  thermodynamics.  Couples  containing  ammine  or 

ethylenediammine  ligands  form  an  especially  tractable  class  of  systems  for 

this  purpose.  Thus  a  variety  of  substitutionall y  inert  complexes  containing 

only  these  ligands  can  be  prepared  as  anhydrous  crystalline  solids  that  are 

stable  and  structurally  well  defined.  They  engage  invariably  in  outer-sphere 

electron  transfer  pathways  since  coordinated  ammine  and  ethylenediammine 

ligands  have  no  lone  pairs  available  and  therefore  cannot  act  as  bridging 

groups.  However,  these  ligands  are  considerably  smaller  and  more  polar  than 

the  polypyrldines,  containing  relatively  acidic  amine  hydrogens  which  m  ght 

be  expected  to  interact  specifically  with  surrounding  solvent  molecules, 

especially  those  having  strong  electron  donating  capability.  Indeed,  a  recent 
3 

study  of  the  solvent  effects  upon  the  formal  potential  for  the 
34-/24- 

CoCen)^  couple  (en  =  ethylenediamine)  has  shown  that  Ej.  becomes  marked 
more  negative  (relative  to  "reference  solute"  redox  couples  such  as 
f er r ic in ium/ ferrocene)  with  increasing  basicity  of  the  solvent  as  measured 

4 

by  the  so-called  "Donor  Number"  D.  N.  These  apparently  large  positive 

changes  in  AG°c  (=5°^  ~  ^'ox^  were  interpreted  in  terms  of  an  increasing 

3+ 

stabilization  of  the  oxidized  species  Co(en)^  relative  to  the  reduced  form 
2+ 

Co^n)^  resulting  from  donor-acceptor  interactions  between  the  solvent  and 

3 

the  relatively  more  acidic  amine  hydrogens  in  the  tripositive  complex. 

The  evaluation  of  the  entropic  and  enthalpic  components  to  such  free 
energies  of  transfer  would  clearly  be  of  value  for  providing  a  deeper  insight 
as  to  their  origin.  As  for  the  M(III)/(II)  polypyridine  couples,^  it  is  also 


of  interest  to  compare  the  behavior  of  ammine  and  ethylenediamine  redox 


couples  having  the  same  charge  type  and  ligand  composition,  but  differing  in 

the  electronic  state  of  the  central  metal  cation.  The  range  of  possible 

metal  couples  is  limited  in  view  of  the  relative  Instability  and 

lability  of  ammine  complexes  with  divalent  oxidation  states  such  as  Co(Il) 

and  Cr(II).  However,  a  number  of  Ru(III)/(II)  amine  couples,  including 
3+/2+  3+/n+ 

Ru(NH_).  and  Ru(en).  ~  ,  are  substitutionally  inert  in  the  divalent  as 

3o  3 

well  as  trivalent  oxidation  states  so  that  their  redox  thermodynamics  may  .  • 

studied  in  a  range  of  solvents  in  the  absence  of  added  ligand.  Although 
2+ 

Co(en)^  is  labile,  it  is  sufficiently  stable  in  a  range  of  solvents  in  the 

3+/-U. 

presence  of  small  concentrations  of  free  ethylenediamine  so  that  Co(en)^ 

provides  a  suitably  reversible  couple  (vide  infra).  The  comparison  between 

a+/2+  3+/2+  34-/2+ 

the  behavior  of  Co(en)  ,  Ru(en)  ,  and  Ru(NH  )  is  of  particular 

3  3  3  o 

interest  since  the  reduction  of  Co(lII)  involves  the  electronic  conversion 
6  5  2 

t~  -*■  t_  e  ,  whereas  the  reduction  of  Ru(ITl)  involves  the  transformation 
2g  2g  g’ 

t^  ■+  t j  ;  these  differences  are  reflected  in  a  markedly  greater  expansion 

5 

of  the  cobalt  center  upon  reduction. 

In  the  present  paper,  measurements  of  the  formal  potentials  and  their 

temperature  derivatives  are  reported  for  Co(en)  Ru(NH.,)f+7‘'+,  and 

3  3o 

3+/ 2+ 

Ru(en)^  in  water,  dimethy Isul foxide  (DMSO),  N,N-dimethylformamide  (DM1), 

N-methy lformamide  (NMF) ,  formamide,  propylene  carbonate  (PC),  acetonitrile, 

and  nitromethane,  and  are  used  to  obtain  estimates  of  A(AG°  )S  W,  A(ASP  )S  W, 

rc  rc 

S*”W 

and  a(AH°  )  for  each  redox  couple,  experimental  data  are  also  given  for  ti 

fC  i+/>+f1’7 

capped  tr isethy lenediamine  ("sepu 1 chrate")  couple  Co(sep)  .  The  sepu 


chrate  system  provides  an  interesting  comparison  to  the  trisethylenediamim 

6  7 

and  hexaammine  couples  since  it  is  structurally  rigid  *  and  contains  only 


4 


one  hydrogen  coordinated  to  each  amine  nitrogen  ,  compared  to  two  and  three 
hydrogens,  respectively,  for  the  latter  two  couples. 

Experimental 

The  sources  and  purification  of  the  solvents  was  as  described  in  the 
preceding  article. ^  Co (en) ^ (CIO^) ^  was  prepared  as  described  in  ref.  8. 

Ru (NH« ) , (CIO. )_  was  recrystallized  from  the  chloride  salt  (Matthey  Bishop, 

Inc.).  Samples  of  Ru(en)^Br^  were  kindly  supplied  by  Dr.  Gilbert  Brown,  and 
Co(sep) (CIO^)  was  kindly  provided  by  Prof.  John  Endicott.  The  formal  poten¬ 
tials  Ej.  were  obtained  using  cyclic  voltammetry  by  bisecting  the  cathodic  and 
anodic  peak  potentials.  Ru(NH^)^  ,  Ru(en)^  ,  and  Co(sep)  alj. 

yielded  essentially  reversible  behavior  (peak  separations  60-70  mV)  as  expected 

from  the  substitution  inertness  of  both  oxidation  states  and  the  rapidity  of 

2+ 

their  electron  exchange.  Since  Co(en)^  is  subst itutional ly  labile,  this 

species  can  dissociate  in  the  absence  of  added  ligand.  However,  it  was  found 

that  only  small  concentrations  of  ethv lened iammi ne  (2-l0mM)  were  required  in 

2+ 

order  to  prevent  the  dissociation  of  Co(en)^  produced  in  the  cathodic  segment 

of  the  cyclic  voltammogram  since  equal  cathodic  and  anodic  peak  currents  were 

then  obtained  together  with  peak  potential  separations  that  were  typically  in 

3+/2+  3+/2+ 

the  range  ca.  60-90  mV.  Measurements  of  Ec  for  Ru(NH_),  ,  Ru(en)  ,  and 

r  3  b  J 

Go(sep) in  acetonitrile  and  niLromo thane  were  precluded  by  solubility  restric- 

3+  /  na¬ 
tions ;  in  addition,  Ku(en).j  ^  yielded  i rreproducible  and  ill-defined  cyclic 

vo 1 tammograms  in  several  solvents  which  restricted  further  the  useful  data  th:  . 

could  be  obtained  for  this  couple.  Values  of  F.j.  were  typically  reproducible  Li 

within  2  mV.  Measurements  of  E^.  as  a  function  of  temperature  employed  noniso- 

thermal  cells  as  described  in  detail  in  refs.  1  and  2.  Other  experimental 

aspects  were  also  essentially  as  given  in  refs.  1  and  2. 


f 


m 


Results 

In  Table  I  are  summarized  the  formal  potentials  E^  obtained  for 
Ru(NH3)^+/2+,  Ru(en)3+/2+,  Co(en)3+/2+,  and  Co(sep)3+/2+  in  0.1M  LiC104  in 
each  solvent  at  25°C  quoted  relative  to  for  the  f erricinium/ferrocene 
(Fc+/Fc)  couple  in  the  same  solution,  along  with  the  corresponding  reaction 
entropies  AS°c>  The  latter  values  were  obtained  from  the  temperature  depen¬ 
dence  of  E,  using  AS0  =  F(dE,/dT) . 2 ’ 2  Estimates  of  the  change  in  (G°  -  G°  ) 

f  rc  f  e  red  ox 

for  amine  redox  couples  resulting  from  substituting  the  various  nonaqueous 

o  S-W 

solvents  for  water,  A(AG^)  »  were  obtained  from  eqn  (1)  [eqn  (A)  of 
ref  (1)]: 


,  o  .s-w  .  Fc.s-w  .  ,  .  ~o  ,s-w 

A(AGrc)  -FA(Ef  +A(AGrc)Fc 


(1) 


where  A(EFC)S  w  is  the  variation  in  E^.  (relative  to  Fc+/Fc)  for  a  given  redox 

couple  resulting  from  changing  from  water  to  a  given  nonaqueous  solvent  and 

A(AG°c)pcW  is  the  corresponding  variation  in  AG°c  for  the  Fc+/Fc  couple  between 

the  same  two  solvents.  The  use  of  the  "ferrocene  assumption"  is  tantamount  to 

o  s _ w  1  9 

the  assertion  that  A(AG  )p  =  0.  ’  Although  this  approach  has  often  been 

followed,  we  prefer3  instead  to  compute  values  of  A (AG°  )s  w  based  on  the 

rc 

"tetraphenylarsonium-tetraphenylborate"  (TATB)  scale  in  view  of  its  more 
9  Fc  S“W 

likely  validity.  Therefore  the  values  of  A(E^  )  obtained  from  the  formal 

potentials  in  Table  1  were  inserted  into  eqn  (1)  along  with  the  corresponding 

estimates  of  A(AG°  W  on  the  TATB  scale  that  are  listed  in  Table  II  of  ref.  1 
rc  Fc 

(see  this  source  for  details)  to  yield  the  resulting  estimates  of  A(AG°  )S  W 
for  the  various  amine  redox  couples  given  in  Table  II.  Estimates  of  A(.'\G^/ 
based  on  the  ferrocene  scale  [f.e,,  by  assuming  that  A(AG°c)^W  =  0]  are 
listed  in  parentheses  in  Table  II. 


H 


6 

The  corresponding  variations  in  AS°c  for  a  given  amine  redox  couple, 

(AS0  )S  W,  were  obtained  directly  from  the  differences  between  the  appropri.:i 

values  of  AS°  given  in  Table  I,  and  are  also  listed  in  Table  II  along  with 
rc 

the  corresponding  enthalpies  of  transfer  A(AH°^)S  W  that  were  obtained  frcai 

the  relation  A(AH°  )s  w  =  A(AC°  )s  W  +  TA(AS°  )S  W. 

rc  rc  rc 

The  values  of  the  formal  potentials  relative  to  Fc+/Fc  for  all 
four  amine  couples  were  typically  found  to  be  approximately  independent 
(within  5  mV  or  so)  of  the  ionic  strength  p  in  the  range  p  =  0.025  -  0.2. 

The  values  of  AS°c  were  also  found  to  be  essentially  independent  (+1  e.u.) 
of  ionic  strength  within  this  range. 


Discussion 

Inspection  of  the  data  presented  in  Tables  I  and  II  reveals  that  substan¬ 
tial  changes  in  the  redox  thermodynamics  of  ammine  and  ethv lenediamine  redox 
couples  occur  when  the  solvent  is  varied.  Two  main  features  are  apparent. 
Firstly,  the  values  of  A(AC.°  Js  u  vary  over  a  wide  range,  from  ca.  -4  kcal  mol 
in  nitromethane  to  around  8  kcal  mol  ^  in  DMSO,  the  values  being  usually 
within  ca.  0.5-1  kcal  mol  1  for  all  four  amine  couples  in  a  given  solvent. 

Even  larger  variations  in  A(AH°^)S  W  are  seen  (ca.  -1.5  to  15  kcal  mol  ). 

The  solvent  sensitivity  of  A(AG°  )s  w  contrasts  with  the  behavior  of  the 

rc 

M(III)  /  (II)  polypyridine  couples,  where  the  values  of  A(AG°c)S  w  were 

typically  small  and  negative.^  Secondly,  the  values  of  AS°c  are  uniformly 

and  markedly  larger  in  nonaqueous  media  compared  with  water,  especially  in 

aprotic  solvents  where  A(AS°c)S  W  approaches  30  e.u.  Broadly  similar  values 

of  A(AS°c)S  W  have  also  been  observed  for  the  polypyridine  couples^,  so  that 

the  differences  in  A(AG°  )S  W  between  the  saturated  amine  and  polypyridine 

rc 

couples  are  chiefly  due  to  the  enthalpic  component  A(AH°c)S  W. 


7 


1  1 

However,  the  values  of  AS°c  in  a  given  solvent  are,  as  before,  ’ '  sensitive 


to  the  nature  of  both  the  metal  and  the  coordinated  ligands. 

It  is  instructive  to  compare  the  experimental  values  of  A(AG°  ) 


s-w 


AS°c,  and  A(AS°c)S  W  with  the  corresponding  predicted  values  from  the 

dielectric  continuum  Born  model  A(AG®c)go^n,  (AS°c>Born,  and  A(AS°c)g0rn- 

1 

These  latter  quantities  can  be  obtained  from 

2  2 

A(AG°  )f~W  =  —  ) 

rc  Born  2  e  e  r  r  , 

w  s  ox  red 


(2) 


and 


(AS®  )_ 
rc  Born 


2  7, 2  z2 

e  N  d  In  e.  .  ox  red  . 

2c  Cd  In  TMr  "  r  ,  ' 

ox  red 


f) 


where  e  is  the  dielectric  constant  in  the  appropriate  solvent,  Z  and  Z 

ox  red 

are  the  charges  on  the  oxidized  and  reduced  species,  r  and  v  ,  are  the 

ox  red 

corresponding  radii,  e  is  the  electronic  charge,  and  N  is  Avogadro's  Number. 

Values  of  A(AC°  )„  W  and  (AS®  ) ..  calculated  from  eqns  (2)  and  (3)  for 
rc  Born  rc  Born  ^ 

Z  =  3,  Z  =2,  and  r  =  r  .  =  3.5  X  (appropriate  for  the  small  amine, 
ox  red  ox  red  rr 

couples^)  are  given  in  Tables  TI  and  I,  respectively.  (The  literature 
sources  of  the  dielectric  constant  data  used  here  are  given  in  Table  1  of 
ref.  1.) 


Comparison  of  7, (AG®  ,)g0^n  with  the  corresponding  experimental  values 
A(AG°c)S  W  (Table  II)  reveals,  not  unexpectedly,  that  the  Born  predictions 
are  frequently  in  large  and  even  qualitative  disagreement  with  experiment. 

S""W  —  1 

In  particular,  large  positive  values  of  A(AG°^)  (ca.  5-8.5  kcal  mol  ) 
are  observed  for  all  four  amine  couples  in  the  strongly  basic  solvents  PMf  ' 

4 

and  DMF  (D.N.  =  29.8  and  26.6,  respectively  )  in  contrast  to  the  negative 

g—  w 

values  of  A(AG  )  predicted  for  these  solvents  (Table  II).  Never t lie  1  css 


for  the  other  five,  less  basic,  nonaqueous  solvents  the  values  of  A(AG°  )S  W 

S“W 

and  A(AG°  )„  agree  at  least  qualitatively  and  are  indeed  in  close  agreement 
rc  Born  3 

for  the  weakly  basic  solvents  propylene  carbonate,  acetonitrile,  and  nitre- 

4 

methane  (D.N.  =  15.1,  14.1  and  2.7,  respectively  )  for  which  negative  values 
of  A(AG°c)S  W  are  observed  (Table  II).  [Although  these  transfer  free  energies 
naturally  rely  upon  the  choice  of  water  as  the  reference  solvent,  water  also 

4 

appears  to  be  a  relatively  weak  electron  donor  (D.N.  ^18  ).]  These  consid¬ 

erations  therefore  suggest  that  long-range  solvation  influences  may  provide 
an  important  part  of  the  additional  solvation  energy  for  the  oxidized  verse  - 
the  reduced  forms  of  these  redox  couples,  at  least-  in  solvents  of  low  ba-'i  f 
where  short-range  solvent-solute  interactions  of  the  donor-acceptor  typ  should 
be  relatively  weak. 


However,  if  donor-acceptor  interactions  are  instead  providing  the  predi 


inant  contribution  to  the  solvent-dependent  redox  thermodynamics  ot  Co(en 


,3+/ 2+ 
'3 


as  suggested  by  Mayer  et  al  ,  as  well  as  for  the  other  amine  couples  considered. 

here,  a  linear  correlation  between  the  experimental  values  of  A(AG°  )S  w  o\ 

rc 

A(AH°  )S  W  and  the.  solvent  Donor  Number  (or  a  related  measure  of  the  solvent 
rc 

3  +  /T-I- 

basicity)  would  be  expected.  Tig.  1  consists  of  such  plots  for  Co(en) 

and  Ru(NH^)j?+/,~+.  [Similar  plots  were  obtained  for  Ru(en)  and  Co(s  .  '  '' 

but  are  omitted  for  clarity. J  It  is  seen  that  there  is  indeed  a  reasonably 

linear  correlation  for  both  A(AG°  )s  w  and  A(AH°  )S  W  with  the  solvent  D.N. 

rc  rc 

for  both  couples  in  the  six  nonaqueous  solvents  for  which  Donor  Numbers  are 

available,  although  the  values  of  A(aG°^)S  W  and  A(AH°  )S  W  in  nitromethane 

are  decidedly  less  negative  than  expected.  A  related  plot  of  E^.  for 
3+/ 2+ 

Co(en)^  [measured  versus  the  "reference  solute"  couple  bisbiphenv 1 < hromi urn 


(I/O)]  against  D.N.  for  a  number  oi  nonaqueous  solvents  has  previously  shown 
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by  Mayer  et  ■•>1  .o  oe  approximately  linear  .  This  result  provided  the  chiel 

basis  for  their  assertion  that  donor-acceptor  interactions  between  the  sol  • 

3+ 

and  the  acidic  amine  hydrogens  on  Co(en)^  provided  the  prevailing  confribu- 

3- ' 

tion  to  the  solvent  influence  upon  the  redox  thermodynamics  of  Co(i-n). 
Although  the  present  data  do  not  entirely  contradict  this  conclusion,  they 
suggest  instead  that  such  short-range  interactions  may  be  of  predominant 
importance  only  with  the  more  highly  basic  solvents.  Nevertheless,  the  uni¬ 
formly  large  positive  values  of  A(AG°^)S  W  obtained  in  DMSO  and  DMF  tor  tin- 
four  amine  couples  in  comparison  with  the  small,  and  negative  correspondiu 
values  for  the  polypyridine  couples  that  have  no  electron  acceptor  sites 
provides  strong  evidence  for  the  importance  of  donor-acceptor  interactions 
to  the  redox  thermodynamics  for  the  former  systems. 


However,  the  comparable  values  of  A(AG^)S  W  obtained  for  Ru(Nh  ) 


i+/2+ 


3+/2+  3  +■/■>+  3+/ 2+ 

Ru(en) ^  and  Co(en)  ,  and  Co(sep)  “  couples  that  contain  eighteen, 

twelve,  and  six  amine  hydrogens ,  respectively,  is  somewhat  surprising  on  ; his  b 

One  plausible  explanation  is  that  there  is  only  one  solvent  molecule  stronly 

coordinated  to  each  amine  center  anyway  as  a  consequence  of  electros. atic  any 

steric  limitations.  Another  surprising  result  is  the  apparent  insensitivity 

of  A(AC;cr  W  to  the  electronic  structure  of  the  metal  center  in  the  reduced 

}+/  )-f-  3+/ 

state.  For  example,  Ru(en)^  “  and  Co  fen)..  “  yield  comparable  values  of 

A(AG°C)  in  both  DMSO  and  DMF  (Table  II).  This  behavioral  simplicity  may 

well  have  some  utility  in  that  values  of  All*,  could  presumably  be  predicted 

with  soma  coni idence  for  redox  couples  i  t  which  measurements  of  E  are 

impractical  [e.g.  Co  (  NH  )  |  . 

.3  o 

One  inevitable  difficulty  in  interpreting  such  experimental  estitna.-s 
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S—W 

of  A (AG°c )  lies  in  the  uncertainties  inherent  in  the  extrathermodynamie 

assumption  required  for  their  evaluation.  Thus  the  values  of  A(AG°  )K  w 

rc 

based  on  the  ferrocene  scale  (given  in  parentheses  in  Table  IT)  are  up  to 
3.5  kcal  mol  *  larger  than  those  based  on  the  TATB  scale;  the  former  values 
are  uniformly  positive  except  in  nitromethane  (Table  II)  so  that  it  would  be 
concluded  that  the  Born  model  is  noticeably  less  successful  for  predicting 
A(AG“c)S  W  if  the  ferrocene  rather  than  the  TATB  scale  had  been  employed. 
However,  the  available  evidence  suggests  that  the  TATB  scale  provides  esti¬ 
mates  of  single-ion  transfer  energies  [and  hence  values  of  A(AG°  )S  W|  that 

-l9 

are  trustworthy  at  least  to  within  1-2  kcal  mol 

Turning  now  to  the  entropy  data,  as  might  be  anticipated  the  values  of 

(AS®  )y  are  general !v  in  poor  agreement  with  the  experimental  quantities 

(Table  !).  Also,  plots  ot  '.t\S°  )-'  w  versus  A  (AS0  )®  W  for  the  thru.,  sma  ’  ! 

rc  rc  Horn 

amine  couples  exhiMt  con.  iderable  scatter.  In  view  of  the  reasonable  correla¬ 
tions  obtained  lot. won  (‘G°  )  '  W  and  A ( AH °  )s  w  with  the  solvent  Donor  Numi.r 

rc  rc 

(Fig.  1)  it  is  w  interest  to  ascertain  if  a  similar  relationship  exists 

between  f  (  *  S  °  "  for  earl:  redox  couple  and  D.  N.  Such  plots  are  given  for 

rc 

the  four  amine  couples  in  rig.  2.  It  is  seen  that  in  contrast  to  Fig.  1, 

there  is  little  if  anv  correlation  between  A(AS°  )S  W  and  D.  N.  Thus  solvents 

rc 

of  relatively  low  basicity  such  as  propylene  carbonate  and  nitromethane  give 
rise  to  values  of  A(AS °C)S  W  that  are  comparable  to,  or  even  larger  than, 
those  obtained  in  the  strongly  donating  solvents  DMSO  and  DMF.  Also,  if  such 
donor-acceptor  Interactions  were  important  it  would  be  expected  that  the 

S—W 

values  of  A(AS°c)  in  a  given  solvent  would  be  greater  for  couples  con¬ 
taining  likely  electron  acceptor  sites  compared  to  couples  of  similar  size 
and  charge  type  not  containing  such  ligand  sites.  In  fact  the  opposite 
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appears  to  be  the  case.  For  example,  the  values  of  A(AS°  )  in  each  non- 

aqueous  solvent  reported  here  and  in  ref.  1  increase  in  the  sequence 

_  ,  ,  3+/ 2+  ^  ,  . 3+/2+  n  .  3+/2+  ^  n  ,  ,  .  3+/ 2+  .  , 

Coien)^  <  Co(sep)  <Co(bpy)^  ~  Co(phen)  even  though 

3+/?+  3+/2+ 

Co(en)^  “  and  Co(sep)  contain  a  total  of  twelve  and  six  amine 

hydrogens,  respectively,  and  the  last  two  couples  contain  no  amine  hydrogens 

or  other  clearly  identifiable  acceptor  sites. 

A  more  successful  correlation  than  Fig.  2  is  obtained  by  plotting  the 

experimental  values  of  A(AS°  )S  W  for  each  couple  against  -a  for  each  non- 

12  13 

aqueous  solvent  (Fig.  3),  where  "a"  is  an  empirical  parameter  which 

provides  a  measure  of  the  degree  of  "internal  order"  (the  extent  of  associa- 

17 

tion  between  solvent  molecules  in  the  bulk  liquid  “) .  It  is  seen  that 

g _ y 

A(AS®  )  increases  almost  uniformly  with  increasing  solvent  internal  order. 
These  plots  have  similar  shapes  to  those  for  the  polypyridine  redox  couples 
(Fig.  2  of  ref.  1),  although  the  present  plots  are  significantly  less  linear 
and  have  smaller  slopes.  The  success  of  ttiis  correlation  suggests  that  the 
values  of  AS°c  are  at  least  partly  determined  by  the  ease  by  which  surrounding 
solvent  molecules  are  able  to  reorientate  away  from  their  bulk  structure  in 
response  to  the  enhanced  electric  field  around  the  oxidized  versus  the  reduced 
forms  of  the  redox  couple.^ 

These  results  therefore  argue  against  the  predominant  importance  of 
solvent-solute  donor-acceptor  interactions  in  determining  the  degree  of  this 


additional  solvent  polarization.  Although  at  first  sight  surprising,  this 


conclusion  is  quite  compatible  with  the  apparent  sensitivity  of  the  free 
energy  term  A(AG“c)s  w  to  solvent  basicity  since  the  entropic  terms  AS°^ 
and  hence  A(AS“c)s  w  should  respond  to  the  extent  of  solvent  ordering 
Induced,  rather  than  the  Pti’en.:t>i  of  the  donor-acceptor  Interactions 


themselves.  Provided  that  such  enthalpic-based  interactions  are  sufficiently 
strong  to  ensure  that  the  solvent  molecules  in  contact  with  the  amine  ligands 
are  strongly  oriented,  variations  in  the  strength  of  the  donor-acceptor 
interactions  may  have  only  a  relatively  minor  influence  upon  the  extent  of 
this  orientation.  Indeed,  the  markedly  larger  experimental  values  of  AS°c 
in  a  given  solvent  compared  to  the  Born  predictions  (Table  I)  suggest  that 
there  commonly  is  extensive  additional  short-range  solvent  polarization 
induced  by  the  oxidized  form  of  the  redox  couple,  most  likely  involving 
oriented  solvent  molecules  in  the  first  solvation  sphere. 

Nevertheless,  some  influence  of  solvent  donicity  upon  AS°c  for  couples 
containing  electron  acceptor  sites  might  often  be  expected.  Indeed,  a  com- 

s— w 

parison  of  the  plots  of  A(AS°c)  versus  D.  N.  for  the  saturated  amine 

couples  (Fig.  2)  with  the  corresponding  plots  for  the  polypyridine  couples 

(Fig.  3  of  ref.  1)  reveals  that  the  values  of  A(AS°c>S  w  for  the  former 

systems  tend  to  increase  more  (or  decrease  less)  with  increasing  D.  N.  in 

comparison  with  those  for  the  latter  systems.  Further,  a  number  of  aquo 

3+/',+ 

redox  couples  of  the  form  M(OH„),  “  exhibit  values  of  AS°  that  are  markedly 

r  2  6  rc 

(20-30  e.u.)  larger  tlian  for  structurally  similar  amraine  redox  couples 

3+/2+  2 

M(NH^)  in  aqueous  solution.  These  differences  are  most  likely  due,  at 

J  6 

1A 

least  in  part,  to  the  greater  extent  of  hydrogen  bonding  between  the  more 
acidic  hydrogens  on  the  aquo  ligands  with  surrounding  oriented  water  molecules 
It  is  apparent  from  the  above  considerations  that  a  number  of  molecular 
factors  can  contribute  towards  the  thermodynamics  of  outer-shell  solvation 
even  for  the  archetypically  simple  one-electron  redox  couples  considered 
here.  Nevertheless,  an  encouraging  overall  feature  of  these  results  is  that 


the  dependence  of  the  redox  thermodynamic  parameters  upon  the  nature  of  the 


13 


central  metal,  the  coordinated  ligands,  and  the  surrounding  solvents  fall 
into  clear  patterns  which  should  allow  predictions  of  the  solvent-dependent 
behavior  of  structurally  related  redox  couples  to  be  made  with  some  cor.)  idem 
It  is  clearly  desirable  to  expand  our  knowledge  of  redox  thermodynamics  and 
kinetics  beyond  the  confines  of  aqueous  media,  particularly  as  the  present 
results  along  with  numerous  prior  data  demonstrate  the  atypical  and  even 
unique  solvating  properties  of  water  in  comparison  with  other  ioniring 
solvents.  A  parallel  study  of  the  solvent  dependence  of  the  electrode 
kinetics  of  ammine  and  ethylened famine  complexes  at  mercury  electrodes  will 
be  reported  elsewhere. ^ 
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re  Born 


Notes  for  Table  I 


JFormal  potential  for  redox  couple  in  solvent  given  in  far  left  column,  using 

0.1M  LiCIO,  as  supporting  electrolvte  unless  otiierwise  noted;  quoted  in  mV. 

—  ^ 

versus  ferricinium/ferrocene  couple  in  same  electrolyte.  Obtained  using  cyclic 
voltammetry  (see  text). 

^Reaction  entropy  of  redox  couple  in  listed  solvent  obtained  from  temperature 

1  2  -1 

dependence  ot  F, ^  using  noni sothermal  cell  arrangement;  units  are  cal.  deg  u  - 

LKormal  potential  for  ferricinium-ferrocene  couple  in  0.1M  I.  id  10,,  mV.  versus  s.c.e 
immersed  in  same  electrolyte  unless  otherwise  noted. 

^Reaction  entropy  calculated  from  the  Born  model  for  each  solvent  (eqn.  (3))  us.n,' 

o  1 1 

radius  r  =  J.5A  (appropriate  for  the  small  amine  couples  )  and  the  appropriate 

dielectric  constant  data  (sources  given  in  Notes  to  Table  I  of  reference  i);  units 

are  cal.  deg  mol 

L  Using  cell  arrangement  s.c.e.  |0.1M  LiCl.0  (aq)  |  |0.1M  I.iClO^  (sol  vent )  j  Ft  ,  '4  • 

^Insolubility  of  solute  precluded  measurement  of  !•'  . 

Krratic  voltammetric  behavior  precluded  measurement  of 

^'obtained  in  .llmM  I.iClO.  . 

<* 

Obtained  in  0.1M  t et raethv 1 ammon i um  perchlorate. 


Notes  to  Table  II 


A  -  Free  energy  of  transfer  of  redox  couple  /.(All'  )S  W  (keal.  mol  from  water  to 

ri'  Fe 

nonaqueous  solvent  listed.  Obtained  t  ro;u  formal  potentials  K  for  each  redox 
+  ! 


;ouple  versus  Fe  /Ke  given  in  Table  1  using  eqn.fl).  Values  in  parentheses  ohm 

0  (i.e.  using  t et rocene  assumption);  low.  r  values 


.  •  ,  .  .  ,o  s-w 

bv  assuming  that  ) 

re  i  e 

o  s  — w 

obtained  using  estimates  ul  A (AO  )  given  in  Table  11  of  reference  1  (i.e.  isinj 

re  I  e 


TATB  assumption  -  see  reierem 


for  deta i 1 s ) . 


O  —  W  “I 

B  =  Enthal  >v  of  transfer  of  redox  couple  A (.Ml  )  (keal.  mol  )  from  water  to 

re 

nonaqueous  solvent  listed.  Obtained  from  corresponding  free  energies  (TATB  scale; 

and  entropies  of  transfer  using  A(AH*  )S  W  =  A(/.C°  ) S  W  +  TA(AS°  )S  J . 

re  rc  rc 

o  s  — w  —  1  —  ] 

C  =  Entropy  of  transfer  o!  redox  couple  ‘.(AS  )'  (cal.  deg  mol  )  f  rom  water  t< 

rc 

nonaqueous  solvent  listed.  obtained  from  d  i  f  Terences  between  appropriate  vale  o' 

AS  listeil  for  each  solvent  in  f  ible  I. 

rc 

*1 ree  energy  of  transfer  ot  redox  oupie  (keal.  mol  ')  calculated  from  t'n  Born 
mode  1  for  each  solvent  (eq;i.(A>)  using  rad  i  us  t  1 .  :iA  (appropriate  lot  »  email 
amine  couples)  and  the  appropriate  dielect  rh.  eonst  ant  data  (sources  given  in  Note 
to  fab  1 e  I  of  refer onee  1  I  . 


II 


Notes  to  Figures 


Fie.  1. 


Plots  of  the  variation  in  the  free  energy  of  reaction,  A(AG°  )b  w,  anc 

the  enthalpy  of  reaction,  a(aH°^)S  W,  for  Co(en)^+//"+  and  Ru(NH^)(*+,/‘'+  when 

changing  from  water  to  various  nonaqueous  solvents  against  the  "Donor  Number" 

for  each  solvent^:  Closed  svmbols:  A(AG°  )S  W.  Open  symbols:  A(Ah°  )S  W. 

rc  r  7  rc 

Redox  couples:  0,0,  Co (en)  3+/^+;  B , O  ,  Ru(NH^)  ^+^+.  Solvents  in  this  and 


subsequent  figures:  1,  formamide;  2,  N-methylformamide ;  3,  propylene  carbonate; 
4,  dimethylsulfoxide;  5,  dimethylformamide ;  6,  acetonitrile;  7,  nitromethani  . 
The  straight  lines  are  drawn  between  adjacent  points  for  a  given  redox  couple 
in  the  various  solvents. 


Fig.  2. 


Plots  of  A(AS“c)S  W  for  each  amine  redox  couple  against  the  "Donor 
Number"  for  the  various  nonaqueous  solvents.^  Key  to  redox  couples  as  in 
notes  for  Fig.  3;  key  to  solvents  as  in  notes  to  Fig.  1. 


Fig.  3. 


Plots  of  A(AS°c)S  W  for  each  amine  redox  couple  against  -a,  where  "a" 

1  '■» 

is  a  parameter  related  to  the  degree  of  "internal  order"  of  each  solvent.' 


Redox  couples:  9,  Co(en) 


3+/ 2+  —  3+/  2+ 

3  ;  ■  ,  Ru  (NH  )  ^ 


;  ^ ,  Ru(en) 


3+/ 2+ 


3+  /  2+ 

A,  Co(sep)  .  Key  to  solvents  as  in  notes  to  Fig.  1. 


